A well-known traffic simulation model bases on the idea to represent street sections by socalled cells where vehicles are streaming from one cell to another in order to give a realistic image of traffic flows. Its basic ideas were picked up recently to formulate an optimization model for evacuation planning purposes. We will address three major weaknesses of the recent model, namely the usage of a fixed single cell size, missing consideration of lanes as well as missing limitations for traffic flows and show how to overcome them. Stimulated by this, we formulate the extended Cell-Transmission-Based Evacuation Planning Model and a new optimization model to facilitate this model in terms of choosing the optimum cell size. Additionally, we will present an iterative simulation-based optimization approach in order to evaluate and to enhance results in a more realistic environment. This approach takes advantage of a standalone vehicle reallocation optimization model, additional traffic flow limitations as well as a state-of-the-art microscopic traffic simulation. We will demonstrate the effectiveness of this approach in a real-world example.
INTRODUCTION
In the last few decades risk potential for societies permanently increased due to threats like extreme weather conditions, natural disasters, terror attacks or chemical accidents. Evacuations gain more and more interest to ensure protection for people concerned. But, this protective function only can be provided if several aspects are considered. In particular, it has to be determined which area must be evacuated, how many exits are available, how to allocate evacuees to these exits and how to route traffic. Decision-making in such problems is very challenging due to almost unpredictable behavior of evacuees, complex traffic dynamics as well as the basic conditions of the evacuation (e.g. time of day, season).
In the past, there were numerous publications concerning evacuation problems in general (see [8] and [12] for reviews of evacuation from buildings and ships) but only a small fraction aimed at the evacuation of urban areas. Further differentiation between traffic simulation models and analytical approaches can be made here.
In the range of traffic simulation models, Sheffi et al. [22] were one of the first to simulate the evacuation of large areas using basic traffic dynamics. Later, Sinuany-Stern & Stern [24] simulated the evacuation of a small city with 33 junctions and 51 street sections considering both vehicles and pedestrians. Although not investigating evacuation in particular, the cellular automata (CA) Model by Nagel & Schreckenberg [19] was the first simulation model to describe "traffic jams appearing from nowhere" and is still used to simulate vehicle and pedestrian movements (e.g. [2] ). At this point, we want to clear that our approach also uses "cells" like CA, but the fundamental ideas behind this representation are totally different. Although Nagel & Rickert [18] proved large scale applicability of CA, it has major disadvantages in terms of optimization purposes due to enormous computational effort caused by the very high number of required cells. The common weakness of all models mentioned above and all traffic simulation models in general is that (due to the nature of a simulation) simulation approaches alone can not be utilized for optimization purposes. Traffic simulation models are perfectly suited for detailed and realistic illustration and evaluation but not for optimization aims, which are required here.
Yamada [28] proposed two simple network flow methods for the evacuation of a big japanese city which does not consider traffic dynamics at all. Cova & Johnson [5] introduced a lane-based network flow model for evacuation planning. So far, evacuees were assigned to their closest exits in order to minimize the total travel distance. However, Han et al. [9] showed that such assignments can be suboptimal, if e.g. roads are congested due to traffic dynamics. Andreas & Smith [1] used a network tree approach under consideration of multiple scenarios to generate evacuation routes. Stepanov & MacGregor Smith [25] combined an IP Model for route assignment with M/G/c/c queuing models to capture congestion and time delays during an evacuation. Sbayti & Mahmassani investigated the benefit of scheduled evacuation planning ( [21] ). MurrayTuite & Mahmassani study the impact of human behavior, e.g. the intention to drive home to secure valuables or to consolidate with other family members before evacuating, see [16] and [17] . However, suchlike aspects will be neglected in this paper.
A popular approach for evacuation planning and traffic assignment in general is the Cell-Transmission-Model by Daganzo ( [6, 7] ) which bases on the hydrodynamic traffic flow model by Lighthill, Whitham & Richards ( [13, 20] ). The basic ideas are as follows: a given road network is segmented into cells whereas the cell length is chosen to be a distance which can be passed by a vehicle in one period under free flow conditions. Furthermore, a maximum capacity as well as a maximum in-and outflow per period is assigned to each cell. Now, traffic flowsunder consideration of traffic dynamics like congestion, merging and diverging effects -are created by vehicles moving from cell to cell. Thus, the optimization models on the basis of the CTM approach can be interpreted as an optimizable macroscopic traffic illustration. There are numerous publications utilizing the basic ideas of the CTM, e.g. [4, 10, 15, 23, 26, 27, 31] : Chiu 407 et al. [4] , Kalafatas & Peeta [10] , Liu et al. [15] , Shen et al. [23] , Tuydes & Ziliaskopoulos [26] and Xie et al. [27] presented optimization models based on the Cell-Transmission equations for evacuation planning which were applied to networks of different size. The seminal work of Ziliaskopoulos [31] contains a general model for dynamic traffic assignment problems.
However, the Cell-Transmission-based optimization model for evacuation planning in this paper is different from the previously mentioned models in many ways. Firstly, we use a more flexible objective function that covers different danger levels c it for a cell i in period t in the evacuation zone. Secondly, the model is formulated without defining a separate set of so-called connectors (for merging, diverging, ordinary, source and sink cells). Instead, we are using a single binary parameter that denotes whether a physical connection between two cells exists. Thirdly, we do not predetermine predecessors and successors of a cell, because this is part of the optimization process. This is the most relevant difference between our model formulation and the previous work, since we assume that the evacuation traffic routing is not known in advance. ([27] defined the evacuation routing in the upper level of their bi-level approach.) Partially, lane reversals are taken into account, also affecting traffic routing, see e.g. [10] or [26] . Fourthly, in contrast to the papers discussed above, we integrate the departure times as an own decision variable into the model. Fifthly, we add three new enhancements, namely multiple cell sizes, explicit consideration of lanes as well as limitations for merging and diverging traffic flows to improve real world applicability. Sixthly, we introduce a new optimization model to determine the optimum cell size for a given network. At this point, we want to emphasize that we pick up the basic ideas of Daganzo's Cell-Transmission approach, but we do not claim that our optimization model (with multiple cell sizes and limited traffic routing options) shares all characteristic properties of the original CTM by Daganzo. In contrast to all already mentioned papers where traffic routing decisions are already done, our aim is to develop a framework to optimize and supplement traffic routing decisions in the case of real-world evacuation scenarios.
The paper is structured as follows: In Section 2 we introduce two approaches to enhance the Cell-Transmission-based Evacuation Planning Model (CTEPM) by Kimms & Maassen [11] and formulate the Extended Cell-Transmission-based Evacuation Planning Model (ExCTEPM) by integrating these approaches. This section also contains a simple optimization model to compute optimum cell sizes for a given network as well as a numerical example. In Section 3, we utilize a simulation-based optimization approach which combines the ExCTEPM, a vehicle reallocation optimization model, additional traffic flow limitations and SUMO as a state-of-theart open source microscopic traffic simulation (see http://sumo.sourceforge.net) in an iterative procedure. Afterwards, the computational study in Section 4 demonstrates the benefits of our integrated simulation-based optimization approach. Finally, Section 5 includes some summarizing conclusions.
EXTENDING THE CTEPM
The CTEPM has two major weaknesses. On the one hand, the use of cells with a fixed single size may lead to several disadvantages in terms of an unnecessary high number of (relatively small) cells to meet a predetermined accuracy level in network representation and to excessive amounts of constraints and variables in the optimization model caused by the very high number of required cells, respectively. On the other hand, missing consideration of lanes, limitations for merging and diverging traffic flows as well as traffic flow redirections during the planning horizon may result in solutions that may be optimal regarding the optimization model, but may also be inappropriate or even infeasible in real-world applications. We will discuss these issues in detail in Section 2.2. In the following text we will first show how to implement multiple cell sizes into the model and demonstrate the benefits of this approach. Subsequently, explicit consideration of lanes as well as traffic flow limitations will be discussed and implemented to formulate the ExCTEPM.
Multiple Cell Sizes
In order to represent a given network with the CTEPM, it is necessary to choose a cell size which matches the length of the network arcs adequately. As can easily imagined, this will lead to a tradeoff between the number of cells (which immensely affects the number of side constraints and variables) and the accuracy of the network representation. In this paper, we will extend the CTEPM by the usage of multiple cell sizes whereas larger cell sizes will be integer multiples of the reference (standard) cell size due to the discrete nature of the Cell-Transmission approach.
Figures 1 and 2 illustrate this idea in the case of a very small network. There, we model four street sections at 50 km/h and 30 km/h driving speed, respectively. As can be seen easily, the number of required cells can be lowered from eight to five cells. In this example, vehicles need two periods to pass large cells, of course. In the mathematical formulation, we assume to use |N | different cell sizes, where a certain cell size n is n-times larger than cell size 1. For example, |N | = 3 leads to three different cell sizes (and three set of cells, namely I 1 , I 2 , I 3 ), where all cells i ∈ I 2 (I 3 ) will be two-times (threetimes) larger than cells i ∈ I 1 , if we assume the same driving speed. As can be seen in Figure 1 and 2 several cells can be combined to a larger cell without any loss in network representation accuracy.
This approach results in the following advantages: firstly, the accuracy of the network representation using the same number of cells can be improved since a smaller standard cell size (and integer multiples of this cell size) tends to match the underlying arc lengths more accurate, if the same number of cells is used as before. Moreover, the same accuracy in network representation can be achieved with less cells since standard sized cells can be merged into one larger cell. Secondly, the computational effort can be reduced due to a usually smaller number of required cells. Admittedly, the mathematical formulation of the (extended) CTEPM will get more complex, but the advantages of the reduced number of cells still prevail as can be seen later in this section and in Section 2.4.
We will first present the CTEPM as written in Kimms & Maassen [11] . Afterwards, we will introduce two different approaches to capture multiple cell sizes in the CTEPM. number of vehicles starting their evacuation at cell i in period t
Given this notation multiple cell sizes can be implemented in the CTEPM as follows:
subject to
The objective function (1) minimizes total danger for all vehicles during the complete planning horizon. Here, the parameter c it might be related to some key figures, e.g. the probability that an area will be reached by a tsunami wave or the concentration of hazardous material at a certain point of the planning horizon, see [3] and [30] . The case of c it = c i • t may be used for scenarios with no movement of danger during the planning horizon, e.g. a preventive evacuation. However, using general values for c it is more flexible since it allows to capture movement of danger during in the planning horizon, e.g. movement of a hazardous plume over time. The calculation of all vehicles residing, leaving or waiting in cell i is done in equation (2) . Vehicleflow-constraints have to be defined with respect to the cell size n. For n = 1, the standard vehicle flow constraint from the single cell size CTEPM can be adopted (see (3)), whereas the number of residing vehicles at the end of period t equals the number of vehicles starting their evacuation in period t plus the number of residing vehicles in cell i at the end of period t-1 plus the number of inflowing vehicles reaching cell i in period t minus the number of outflowing vehicles leaving cell i till the end of period t, respectively. This vehicle flow equation also allows vehicle holding, if this would be beneficial with regards to the objective value.
Moreover, (4) ensures that the number of vehicles (incl. all vehicles that have not left their homes, yet) in a cell i during a period t does not exceed the maximum capacity of this cell plus the number of vehicles which have not entered the network so far. Similar to (4), constraint (5) forces the number of vehicles in cell i at the end of period t to be lower than the maximum capacity of this cell. (6) determines the departure schedule for each cell and that all residents will leave their homes. Furthermore, equation (7) assures that each vehicle (residents in vehicles in terms of E i and initial traffic (e.g. due to rush hour traffic) in terms of x i1 ) will be evacuated. Here, it is important that |T | is sufficiently large so that all vehicles can escape within the planning horizon. In (8) , the maximum number of cell-changing vehicles is limited to the remaining capacity (= maximum vehicle capacity minus the number of vehicles at the end of a period) of the corresponding cells. As stated in (9) and (10) the maximum number of in-and outflowing vehicles additionally must be limited by the in-and outflow capabilities of a cell. In the following, we assume that flow capacities are constant over time so that using Q i (instead of Q it ) is sufficient. Furthermore, traffic flows can stream from a cell i to cell j, if and only if, a physical connection between these cells exist, i.e. these cells are adjacent -see (11) . (12) and (13) finally determine the domains of the decision variables. Please note that it is sufficient to consider only those flow variables y i jt where β i j = 1 holds.
In order to assure that no vehicle movements occur in the first period -where the evacuation has not started yet -, boundary conditions (14)- (16) fix the decision variables x it , b it and y i jt to zero in the first period. However, if initial traffic is existent, (14) has to be specified for all affected cells.
Although z it , x it , b it and y i jt can be defined to take only integer values, we decided to relax integrality. Firstly, this relaxation helps to reduce computational effort due to less integer variables. Secondly, in all computational tests throughout this article -all parameters of the ExCTEPM are set to integer values -all variables which will be used in the succeeding simulation runs take only integer values automatically, so that there was no need to restore integrality constraints of the decision variables. In detail, three variables are passed to the simulation. First, let η i j denote the total number of vehicles traveling from cell i to cell j during the complete planning horizon, i.e. η i j = t∈T y i jt . Secondly, the driving direction is expressed by ϕ i j (ϕ i j ∈ {0, 1}) indicating if a connection from cell i to cell j is used (ϕ i j = 1). Thirdly, assigned lanes between cell i and cell j are denoted by i j ( i j ∈ N 0 ). The variables z it , x it , b it from the optimization part will be ignored in the simulation. Since ϕ i j and i j are set to integer values by definition, only η i j may take non-integer values. In such cases, we developed a simple postprocessing approach (see Appendix A) which uses the (integer and/or non-integer) η i j values from the optimized solution as a starting point to construct a slightly modified (feasible) solution only consisting of integer values for η i j .
In order to obtain feasible solutions, |T | must be chosen sufficiently large so that all evacuees have the ability to escape within the planning horizon. A lower bound for |T | can be computed by |T | L B = i∈I E i / i∈I S Q i . However, for our computational tests we set
However, larger values for |T | will not lead to any computational issues.
Multiple Cell Sizes -Approach 1
The basic idea of this approach is to divide a cell into subcells, whereas the number of subcells corresponds to the cell size of the cell (1, . . . , n). A vehicle needs at least one period to pass a subcell so that n subcells lead to a minimum travel time of n periods. In order to capture vehicle movement from subcell to subcell, a new decision variable y k iit must be introduced. This variable is an auxiliary flow variable which displays the number of vehicles moving from subcell k to subcell k + 1 in cell i in period t. Thus, there must be n − 1 additional flow variables for a cell of cell size n. Now, the CTEPM with multiple cell sizes using this approach can be formulated by replacing equation (2) by (17), (3) by (18) and adding three more constraints (19) - (21):
Equation (2) must by replaced by (17) in order to cover the vehicle movements from subcell to subcell in the objective value. The standard vehicle flow equation (3) now only holds for cells of size 1, see (18) . For larger cells, an extended vehicle flow equation (19) must be introduced. Vehicle flows from subcell to subcell are captured by (20) and (21). However, this approach has some disadvantages in terms of traffic flow representation. First, traffic holding is only possible in the first subcell, because of (20) and (21) forcing traffic to flow from one subcell to the next subcell in successive periods. Secondly, all evacuees starting their evacuation in a cell of cell size |N | ≥ 2 also have to pass all subcells before they can leave the cell.
Multiple Cell Sizes -Approach 2
The concept of the second approach to capture multiple cell sizes is to limit traffic outflow with respect to traffic inflow of a cell so that a minimum travel time of n periods for a cell of size n can be ensured. Because of (3), this assumption automatically holds for cells with size 1. For cells of size n ≥ 2, we introduce constraint (23) to ensure a minimum travel time of n i periods for a cell i of size n i . The CTEPM with multiple cell sizes using the seconds approach can be formulated by adding the following constraint to the model formulation (1)- (16):
This constraint limits the cumulated number of vehicles leaving a cell i between period 1 and period t to the cumulated number of vehicles entering the cell between period 1 and period t − n i plus the vehicles starting their evacuation between period 1 and period t − n i /2 + 1 plus the initial street occupation in terms of x i1 , where n i is the size of cell i. This approach has several advantages compared to the first approach. First, no new variables have to be introduced and less constraints are needed when cells of size |N | ≥ 3 are used. Secondly, waiting vehicles can escape from a cell immediately after the minimum travel time has passed. Thirdly, evacuees start their evacuation in the "center" of a cell if the term t − n i /2 + 1 is used. However, this approach allows to modify the "starting point" as desired by the decision maker.
Impact of Multiple Cell Sizes on Problem Size
To illustrate the effectiveness of both approaches, we calculate the optimum number of cells for |N | ∈ {1, 2, 3, 4, 5, 10} in the case of three randomly generated networks of different size applying the cell size optimization model (37)-(47) that will be described in detail in Section 2.3. On the basis of this number we also compute the number of constraints and variables that would emerge in model (1)- (11) Furthermore, we force the absolute deviation between the street sections lengths and the lengths of the corresponding cells to be lower than 15% of the street sections length.
In the following, the number of constraints as well as the number of variables are calculated assuming a planning horizon of 600 seconds. The results for the first approach are shown in Tables 1-3 and for the second approach in Tables 4-6 . Bracketed percentages display the relative reduction in comparison to the application of only one cell size (|N | = 1), which equates the standard CTEPM defined in [11] . (1), (4)- (11), (17)- (21) for a 50-Street-Network. Two major findings can be derived from these tables: firstly, massive improvements in terms of problem size reduction can be achieved, whereas the additional benefit decreases with increasing values for |N |. Secondly, relative benefit is almost the same for all networks and cell sizes |N |. Thirdly, relative reduction in problem size is much larger than the relative reduction of cells in all cases.
The results for the second approach shows great similarity to the first one. However, for |N | ≥ 3 the number of constraints and variables is always lower. (1), (4)- (11), (17)- (21) 
Consideration of Lanes and Limiting Traffic Flows
One major weakness of the CTEPM is related to the lack of explicit consideration of lanes. In its standard form, flow capacity of a cell is determined by the flow capacity per lane multiplied by the number of lanes. This might lead to problems, see Imagine that the total vehicle flow capacity (using all lanes) for cell i (see Fig. 3 ) will be 16 vehicles per period. The CTEPM without explicit consideration of lanes allows that the total vehicle flow capacity per period can be divided into fractions, e.g. Another important aspect of safe traffic routing covers the limitation of traffic flows. Traffic flow limitation contains two essential aspects, namely merging/diverging of traffic flows as well as time-dependent traffic flow redirection. The CTEPM has no such limitations whereby solutions may be obtained where traffic flows merge and diverge very often or even will be repeatedly redirected over time. As an illustrative example, imagine a four-way junction with three fourlane streets and one two-lane street as the only available exit, see Figure 3 . If a total of 12 lanes (4 lanes from each different direction) will be merged into two lanes at a junction, merging processes have to take place at the junction. Of course, this would result in a traffic chaos. However, such solutions may be optimal in a given optimization model if no corresponding constrains exist, but not in real world applications. In detail, we limit traffic routing due to three major reasons: firstly, it is not advantageous to allow an unlimited number of cells to be merged into just one cell (e.g. directly in front of a sink cell as mentioned above). Secondly, conflicting traffic flows in general as well as crossing traffic flows at junctions often exists due to multi-diverging traffic flows and thirdly, the organization of an evacuation (e. (24) subject to (2)- (8), (11)- (16), (23) and
Due to the consideration of lanes in the ExCTEPM, constraints (9) and (10) are replaced by (25) and (26) . These constraints limit the number of cell-changing vehicles to the vehicle flow capabilities of the corresponding cells under consideration of allocated lanes. Furthermore, the constraints (27)- (29) limit the traffic routing in multiple ways. (27) ensures that the number of traffic flows streaming into cell j is not exceeding the number of available lanes in cell j. Hence merging processes at junctions due to traffic flows from different directions are not allowed any more. Constraint (28) bounds the number of outgoing traffic streams from cell i to a fixed value p. A discussion of possible values for p can be found in Section 4.2.
So far, the ExCTEPM may deliver solutions that are not feasible in real world applications, but in the optimization model as can be illustrated in a little example. Imagine an intersections with four entrances/exits as shown in Figures 1 and 2 . If vehicle streams exist from cell i to cell k as well as from cell j to cell k, cell k represents a bottleneck for cell i and j. If we further assume that the cell j (or cell i) has no ingoing traffic flows, the ExCTEPM may generate a traffic stream from cell i to cell j that finally reaches cell k to circumvent the emerging bottleneck in cell k. Such infeasibilities can be avoided by constraint (29) since it allows a traffic stream from cell i to cell j to cell k to be created, if and only if no direct connection between cell i and cell k exist. In addition, this constraint simplifies traffic routing by forcing every street section to be used only in one direction. In addition, (30) and (31) assure that a traffic stream using a certain number of lanes from a cell i to a cell j only can be established, if a connection (in terms of β i j and ϕ i j , respectively) between these cells exists. Finally, constraints (32) and (33) limit the number of used lanes between a cell i and a cell j to the number of available lanes regarding both cells. (34) and (35) determine the domain of the additional decision variables.
These additional constraints help to guide traffic through the network in a safer and less conflictual way since merging processes at junctions will be avoided. However, there might exist some situations where these constraints, especially constraint (27) and (32) might result in no feasible solution if the number of lanes is relatively low and many junctions exist. As an example, imagine a t-junction with three one-lane streets whereas two of these streets are deadlocks. Now, these two (deadlock) streets have to use the (non-deadlock) street in order to be evacuated, but suchlike situations are forbidden by (27) and (32). In such cases, these constraints have to be relaxed and a new constraint i∈I y i jt ≤ Q jt for all cells j ∈ I and periods t ∈ T must be added in order to ensure that traffic flow capacities are not exceeded.
Moreover, ϕ i j allows the avoidance of traffic crossing and traffic touching conflicts at junctions by formulating (36):
Here, we assume that the cells i,j,k,l adjoin to the same junction, so that β i j = β ik = β il = β jk = β jl = β kl = 1 holds. Please note that this constraint also holds for different values of p and for junctions with more than four entrances/exits since i, j and k, l pairs of cells always exist, independent of the number of entrances/exits of a junction.
Cell Size Optimization
Cell sizes have to be chosen adequately when a road network must be modeled as a cell network.
In this section, we will introduce a simple optimization model which determines the optimum cell size(s) and the corresponding number of cells for a given road network.
Assuming a given driving speed s, a certain cell size always corresponds to a certain cycle time (period length) with index k. Thus, a cell may represent different distances depending on the chosen cycle time k. Table 7 shows five examples for s = 50 km/h = 13.89 m/s and s = 30 km/h = 8.33 m/s. As can be easily derived from Table 7 , smaller cycle times are leading to smaller cell sizes, which enable us to represent a given network very accurate, by trend, but usually a larger number of (small) cells is required due to the lower cell size.
If we are using multiple cell sizes as explained in Section 2.1, every cycle time k corresponds to |N | different cell sizes for a given driving speed s. Moreover, we assume every cell size of a given cycle time k to be a corresponding "version" l of this certain cycle time k with a length of g kl so that, for example, a cycle time k leads to (for |N | = 3 and two different driving speeds) six versions with a length of (g k1 , g k2 , g k3 , g k4 , g k5 , g k6 ). This notation has to be interpreted in the following manner: 
)
Due to the discrete nature of the ExCTEPM, the assumption that vehicles drive at 50 km/h and 30 km/h and taking g k1 (single cell size, 50 km/h driving speed) as a point of reference, the following relations between these six versions exist:
Given these considerations, Table 7 can be complemented as shown in Table 8 : It is now clear that the optimization of cell sizes is equivalent to the selection of the optimum cycle time, whereas conflicting objectives must be handled: on the one hand, cell sizes of a cycle time k should be as small as necessary to match the corresponding arc length perfectly, but on the other hand, cell sizes of this cycle time k should be as big as possible so that only few cells are needed and that the number of variables and constraints in the CTEPM and ExCTEPM can be kept low.
In order to represent a given network adequately, it is useful to determine a certain level of accuracy, i.e. for example the maximum deviation between the length of a street section and the cumulated length(s) of cell(s) assigned to this street section. Hence, the following MIP model selects the optimum cycle time in order to minimize the number of cells which are required to represent the network under consideration of the predetermined level of accuracy.
Please note that the standard CTEPM is a special case of the ExCTEPM, if traffic flow limitations are not considered. As such, the presented model can be used for the CTEPM as well. We use the following notation for the optimization model:
Parameters: 
The objective (37) is to minimize the total number of required cells. Constraint (38) ensures that a version l of cycle time k only can be used, if the corresponding cycle time is chosen to be used. To avoid infeasible solutions for a given set of cycle times due to too small values for C (Constraint (39) forces every street section to be covered at least by one cell), a lower bound for C can be calculated by (48):
Equation (40) fixes the number of used cycle times to one and equation (41) Beside the objective stated in (37), other objectives are also implementable. For example, the minimization of total deviation for a given C can be integrated by dropping constraint (44) and replacing the objective function (37) with (49)
For a given maximum number of cells this objective function will minimize the sum of all deviations between the length of street section j and the cell(s) intended to model this street section. The lowest possible objective value is j∈J Z j = 0 , i.e. all cells match perfectly the given street sections.
Another objective may cover the minimization of the largest deviation between a certain street section j and the corresponding cells. This objective can be implemented by replacing (49) with (50) min W
and adding constraint (51):
In this case, W will be set to the largest Z j value whereas Z j denotes the deviation between the length of street section j and the cell(s) intended to model this street section in the ExCTEPM.
If the (total/largest) deviation is minimized, additional constraints for automatic selection of large cell sizes (where possible) can eliminate redundancy, see (52):
Numerical Example
In order to illustrate the effect of multiple cell sizes as well as the explicit consideration of lanes and traffic flow limitations, we will present a numerical example in this section. In particular, four different cases will be computed: (8), (11)- (16) and (25)-(36).
5. Case: CTEPM with multiple cell sizes (Approach 1), consideration of lanes and traffic flow limitations: (1), (4)- (8), (11)- (16), (17)- (22) and (25)-(36).
6. Case: CTEPM with multiple cell sizes (Approach 2), consideration of lanes and traffic flow limitations (=ExCTEPM): (1)- (8), (11)- (16), (23) and (25)-(36).
The considered test network consists of straight street sections of different lengths as displayed in Figure 4 . The driving speed is 13.89 m/s on all 50m/100m sections and 8.33m/s on all 30m/60m sections. Using a period length of 3.6 seconds, the resulting cell sizes are 13.89m/s • 3.6s = 50m and 8.33m/s • 3.6s = 30m. All cells are two-or four-laned. This network can be modeled in the single cell size CTEPM with 51 cells (including super sink), see Figure 5 . If we assume that multiple cell sizes can be used, larger cells of 60m/100m can be defined, so that two adjacent cells on a street section can be replaced by one larger cell. Now, the same network can be modeled with 35 cells (cell 1-18 single sized, cell 19-34 double sized and a super sink), see Figure 6 . In this case, cell sizes of 50m/100m and 30m/60m match the street section lengths of the given road network perfectly. We set c it = c i • t with c i = 100 for all cells except the super sink (c i = 0 for the super sink) and |T | is set to |T | = 1.5
• i∈I E i / i∈I S Q i = 1.5 • 2422/54 ≈ 67.
The computation times for solving the LPs (Case 1,2,3) optimally and MIPs (Case 4,5,6) to a maximum mipgap of 0.1% are shown in Table 9 . Another important aspect is the implementation of different driving speeds into the model. Of course, any number of different driving speeds can be modeled in all model formulations. Let us consider the random street network (Fig. 4) that the driving speed corresponds to the length of the street section, so that street section lengths of 30m|50m|60m|100m lead to driving speeds of 30km/h|50km/h|60km/h|100km/h. The corresponding cell network will look identical to the case of using two cell sizes in Figure 6 , but there are significant differences in the model formulation since now only single cell sizes with doubled driving speed (instead of doubled cell sizes with standard driving speed) are used. Therefore, all larger cells can be passed by one period instead of two periods. However, subsequent adjustments of driving speeds may require different cell sizes which need to be defined in a way to match the given street lengths adequately. In summary, any number of driving speeds can be combined with any number of different cell sizes. We will present an approach to determine the "optimum" cell sizes in the Section 4.2. 
EXTENDED CELL-TRANSMISSION-BASED EVACUATION PLANNING IN URBAN AREAS

SIMULATION-BASED OPTIMIZATION APPROACH
When it comes to evacuation planning problems or traffic assignment problems in general, complex and dynamic traffic behavior is very hard to capture in an optimizational environment so that traffic simulations are the method of choice to evaluate solutions, see [9, 15, 21, 25] .
Since there might exist a gap between the solution of the ExCTEPM and its implementation in a microscopic traffic simulation, we will use the observations gathered from the traffic simulation to modify the the evacuation routing in such a way that the outcome of the traffic simulation approximates the outcome of the optimization model in terms of exit occupation times.
We choose the exit occupation time as the key figure since for our real world example the ExCTEPM tends to generate solutions where the exit occupation times are well balanced. This result indicates that unused flow capacities at exits due to unbalanced exit occupation times have to be avoided. It has to be mentioned that similar exit occupation times may lead to different number of vehicles escaping through these exits because of different flow capacities, e.g. different number of lanes. Admittedly, the optimal solution of the ExCTEPM for extremely sparse networks may not result in perfectly balanced exit occupation times since traffic flow limitations may force some exits to be used only by a small number of vehicles. However, we assume that such affects will not appear in urban areas since urban street networks are often strongly connected.
We will discuss the components (reallocation of vehicles and traffic flow limitations) as well as the simulation-based optimization procedure itself in the following:
Vehicle Reallocation Model. The ExCTEPM allows to optimize traffic routing in road networks under consideration of queuing effects on a mesoscopic level of detail. We will now introduce a reallocation optimization model which will use data provided by our microscopic traffic simulation (SUMO). In particular, we assume a district i to be defined as the set of cells escaping to exit i so that the number of districts is equal to the number of exits. We imply that all districts are part of a connected network, i.e. there are no insurmountable obstacles between districts, e.g. no options to cross a river by bridges or ferry boats. It has to be made clear that the reallocation model does not determine the shape of the districts themself, because the shape of the districts is the outcome of the ExCTEPM. We formulate the model using the following notation:
Parameters:
D Index set of district/exits s i number of vehicles using exit i (before reallocation) p i largest index of period where exit i is still occupied (before reallocation) Decision Variables:
w i j number of vehicles reallocated from exit i to exit j e i number of vehicles using exit i (after reallocation) t i largest index of period where exit i is still occupied (after reallocation) Z auxiliary variable
Based on this notation, the reallocation model can be formulated as a MIP model by:
The objective function (53) in combination with constraint (54) minimizes the largest occupation time of all exits. Thus, the reallocation model determines the number of vehicles escaping through a certain exit in such a way that the overall occupation time for all exits will be balanced. In equation (55) the number of vehicles allocated to exit i (after reallocation) is calculated by the number of vehicles using exit i before reallocation plus the number of vehicles using exit i instead of exit j minus the number of vehicles using exit j instead of exit i. In addition, equation (56) approximates the index of period where exit i is not occupied any more after reallocation.
Here, we assume that the throughput is constant over time so that the relation between escaped vehicles and the number of occupied periods is linear. Lastly, (57)-(60) determine the domains of the decision variables.
Additional Traffic Flow Limitations. It may happen that junctions are too small so that a large number of different traffic flows may affect each other in terms of traffic blocking. Figure 7 displays such a case for a four way junction where traffic from cell i to cell u may be blocked due to not enough space on the junction.
Suchlike situations are forbidden by (36) so that these effects will not take place when the ExCTEPM is solved. However, constraint (36) makes the ExCTEPM also very hard to solve so that a relaxation of this constraint is likely to be used within a heuristic procedure. As will be seen later in this section, we will solve the ExCTEPM with a relaxed version of (36) that only covers traffic crossing, but not traffic touching conflicts like shown in Figure 7 . If it comes to solutions where traffic is blocked due to missing space on a junction, the original constraint (36) will be restored for this junction.
Simulation-Based Optimization Procedure. We can use the vehicle reallocation model and additional traffic flow limitations to create an iterative solution heuristic composed of the these approaches, the ExCTEPM and the microscopic traffic simulation. The procedure works in the following manner:
1. Solve the ExCTEPM ( (1)- (8), (11)- (16), (23), (25)- (36)).
2. Evaluation of this solution using the simulation model. 7. Fix routing decisions (number of lanes ( i j ) between two cells) for all cells i ∈ I \I S representing more than 1% of total traffic (disregarding traffic to the super sink).
8. Return to Step 1.
Rounding in
Step 6 is introduced to limit traffic flow of exit cells by an integer number of vehicles.
Otherwise, the optimization model tends create solutions with non-integer values for y i jt which are not suitable in the SUMO traffic simulation.
Step 7 is inserted to ensure that the most relevant traffic routing decisions stay the same when the reallocation model is applied. Otherwise, other traffic routing decisions may lead to different traffic throughput in highly frequented cells which are not covered in the reallocation model. Fixing these decisions also results in less computation time as will be seen later in this section. In addition, μ ≥ 0 is required to allow a certain degree of freedom in traffic routing. We set μ = 0.025 in our computational study.
COMPUTATIONAL STUDY
For our computational study, the ExCTEPM and the vehicle reallocation model were coded in AMPL (see http://www.ampl.com) and solved with GUROBI 3.0.1 on a computer using an Intel X9100 (3.06 Ghz), 8 GB Memory and Windows Vista (64-bit).
Scenario Basics
We tested our simulation-based optimization procedure using data from the neighborhood Neudorf in Duisburg, Germany, with a population of around 26,000 residents leading to 8,750 vehicles. The road network consists of one-, two-and four-lane streets at 50 km/h and 30 km/h. In addition, eight exits can be used for evacuation purposes. Figure 8 shows an aerophoto of Neudorf including population density and available exits.
We decided that it is not effective to include every small side-and dead-end street in the ExCTEPM. As such we disregard small and sparsely populated street sections so that the considered street network consists of 98 street sections with a total length of 23km plus eight exit street sections (and a super sink).
For all tests, we use an evacuation scenario where 100% of residents have to be evacuated. Addionally, we assume that there is no initial network traffic (e.g. due to rush hour traffic) and that departure times of all residents can be described by a gamma distribution, see (61).
Although the departure pattern in the case of an evacuation is not very well explored in literature, we decided to use a gamma distribution since two pertinent works by [14] and [29] confirm our assumption. Moreover, we decided to use α = 3 and β = 1 since these parameter settings are reasonable to show the benefits of improved traffic routing which may be diluted, if vehicles are departing too slow, e.g. α = 3 ; β = 3 or α = 3 ; β = 5.
Optimization Basics
To calculate the optimum cell size, we first have to determine what an optimum cell size is. We will discuss three ideas in the following:
1. Minimum number of cells: In this case, each street section has to be modeled by exactly one cell, where cells can have different sizes.x 2. Maximum accuracy in network representation: Here, the standard cell size has to be very small in order to match the lengths of the street sections adequately. Again, multiple cell sizes can be used.
3. Shortest computation time: Number of cells and cell sizes have to be chosen in way that minimizes computation time.
The minimum number of cells is determined by the number of street sections. Here, the standard cell size negatively correlates with the accuracy in network representation, i.e. higher accuracy leads to smaller standard cell sizes by trend. Smaller cells result in shorter periods so that the number of periods to cover a certain planning horizon increases. The maximum accuracy in network representation is achieved, when all cells (of different size) match the corresponding street sections perfectly (o j = 0% for all j ∈ J ). However, in extreme situations this may lead to cell sizes of about 1m which results in very high number of periods due to short periods. These considerations should demonstrate that the problem size depends on the number of cells and the size of the cells which directly affects the number of periods. However, it is very hard to determine the effects to an increasing number of cells and periods so that the minimization of computation time by finding an "optimal" trade-off between number of cells, size of cells and accuracy in network representation is very difficult.
For our computational tests, we decide to minimize the number of cells. The number of different cell sizes directly corresponds to the accuracy in network representation. We run a short sensitivity analysis to capture these effects, see Table 10 .
We use the model (37)-(47) presented in Section 2.3 with a slightly modified objective function. In detail, we added +0.0001 • j∈J Z j to the objective function. By doing so, the gap between the length of a street section and the corresponding cell(s) will be minimized, as long as no further cells are needed. This modification helps to reduce total deviation when multiple cell sizes are used, because it may be beneficial to model a certain street by a cell of size n = 5 instead of size n = 4, whereas both cell sizes may be feasible in terms of (44). We set the accuracy level o j = 0.1, 0.15, . . . , 0.35, 0.4, |K | = 100 and |S| = 2 (50km/h and 30km/h). First, we calculate the number of cells with a single cell size for every driving speed for a given accuracy. By doing so, we can derive the minimum (multiple) cell size desired to describe every street section by one cell by max k∈K , j∈J,l∈P β k jl . In a second run, we use the (minimum) multiple cell sizes for each level of accuracy to model each street section by exactly one cell. Table 10 contains some key figures of the sensitivity analysis. The problem size of the ExCTEPM mainly depends on the number of cells and the number of periods. As the number of cells is the same for all accuracy levels in Table 10 , problem size is only up the number of periods which correlates the standard cell size. We have computed solutions for the case of o j = 0.25, 0.3, 0.35, 0.4 using the heuristic procedure later in this section to demonstrate the effect of increased problem size (due to more periods). The computation times are stated in Table 11 .
On the basis that the ExCTEPM must be solved several times in the simulation-based optimization approach in Section 3, we decided to set o j = 0.35 since this level of accuracy is a good compromise between computation time and level of accuracy.
For adjacent cells i and j with equal level of danger (c it = c jt ), the ExCTEPM (and CTEPM) tends to generate solutions, where vehicles commute between these cells. This phenomenon does not correspond to a desired "straight-forward" solution. Therefore, the term +10 −5 • (24) to avoid unnecessary vehicle movements. Moreover, a second term −10 −6 • t∈T x |I |,t has been added to the objective in order to ensure that evacuating vehicles starting in sink cells are not evacuating later than necessary. This may happen when sink cells and the super sink share the same level of danger (c it ) so that there is no difference between residing in a sink cell or the super sink. During our computational tests, we also found out that the second term helps to reduce computation time significantly, so that it will be kept for our computational study. Furthermore, we assume that c it = c i • t holds and that danger is distributed uniformly within the actual network, setting c i = 100 for all "regular" cells and c i = 0 for the super sink.
Because of (33), different values for p will only affect cells with l i > p so that only values of p = {1, 2, . . . , max i∈I l i } are useful. For this case study, we set p = 2 since a large amount of cells is one-or two-laned (l i = {1, 2}). For cells with four lanes, setting p = 2 will provide advantages in evacuation organization, see Figure 9 and 10. By limiting p = 2 in Figure 9 evacuation organization is easier since the traffic from cell i has to be splitted up only once in the middle of the street. For p = 3 -see Figure 10 -traffic from cell i has to be splitted up twice which is more difficult to organize compared to p = 2. In addition, the network in our case study has four-way intersections at maximum so that extremely diverging traffic flows as shown in Figure 10 would result in situations where intersections are blocked for all other adjacent cells. It is important to notice that there is no "wrong" value for p. In fact, p should be recognized as a design variable which can be chosen by the decision maker to influence the design of the evacuation plan. However, we found out that setting p = 1 may result in some computational issues, e.g. long computation time or no feasible solution.
The procedure stops if t∈T y i,|I |,t − e i /e i < λ for all i ∈ I S or no further improvement could be achieved within a given number (ρ) of succeeding iterations. We set λ = 0.10 and ρ = 10.
Due to the large network size and high problem complexity, we solved the ExCTEPM by a straight-forward two stage heuristic: The results of the second step (in terms of ϕ i j , i j and η i j ) are passed to the SUMO traffic simulation.
Simulation Basics
The ExCTEPM minimizes total danger for all evacuees during the planning horizon. In order to adopt this objective as a performance measure for the results of the microscopic traffic simulation, we used the following approach: Imagine a solution where the fraction of rescued evacuees at a particular point of time (within total evacuation time T e ) can be described by a curve g(t) which is illustrated in Figure 11 . The grey shaded area in Figure 11 (Area A) is an indicator of the quality of a solution, because its size depends on the number of rescued evacuees over time, described by the curve g(t).
According to the formulation of the objective function of the ExCTEPM, we additionally weight the number of rescued evacuees at a period t with the amount of elapsed time. The size of this area can be calculated using equation (62):
We approximated (62) by the discretization
with g t as the number of rescued evacuees in period t.
In order to simplify the comparison between different solutions, we scaled all areas A, all total evacuation times (T e ) and the occupation time difference between the earliest and latest exit (R t ) by dividing them by the corresponding values of the initial solution of the simulation-based optimization procedure. As a result, area size A, total evacuation time T e as well as time range R t of this solution will be exactly 1. We use SUMO 0.11.1 for all microscopic traffic simulations.
Performance
As a point of reference, we will use the initial solution of the procedure (Iteration 0) as a benchmark for our computational study. In particular, the occupation time difference between the earliest and latest exit R t (originally R t = 504s), the total evacuation time T e (originally T e = 1, 346s) as well as the size of area A (originally A = 1.637 • 10 9 ) were scaled to one. The results of the simulation-based optimization procedure are stated in Table 12 and 13: The results of the simulation-based optimization procedure are pleasing in many ways. First of all, the initial solution of the ExCTEPM (without any feedback from simulation results) shows nice results in the microscopic SUMO Traffic Simulation. Although occupation times for all exits vary quite strong, total evacuation time is relatively low. Computation time is much longer compared to succeeding iterations, because no major traffic routing decisions are preassigned in this iteration. As no major blocking of traffic streams on junctions exist, the reallocation model was applied. The evaluation of iteration 1 results in worsening of all key figures, in detail R t increases by 6.9%, total evacuation time by 16.3% and the performance measure by 13.7%. This deterioration is mainly caused by massive traffic blocking directly in front of a four-lane exit, leading to strong congestions during the evacuation. This observation demonstrates that traffic touching conflicts also need to be considered in evacuation planning. Due to the determination of many heavily occupied cell connections, computation time drops siginificantly compared to iteration 0. In the following iteration, routing decisions from iteration 1 were adopted and supplemented by the re-establishment of (36) for the congested exit cell in iteration 1. This modification results in significantly better results, i.e. the best solution up to now. All key figures reach a new top mark, especially R t could be improved by 60.3%. During the next iterations, the reallocation model was applied multiple times, finally resulting in a new best solution in iteration 5. Here, all key figures could be improved again, compared to the incumbent solution in iteration 2. R t reduces to 30.0% of the initial value, total evacuation time to 88.4% and the performance measure to 93.8%. After iteration 5, the procedure stops since the reallocation of vehicles would result in adjustments lower than 10.0% of the original allocation. The simulation with SUMO took between 11 and 14 seconds in each iteration. A graphical representation of the number of rescueed evacuees over time can be found in Figure 12 . We refused to display the charts of every iteration since the results of iteration 3 and iteration 4 are very similar to iteration 2. The initial solution of the ExCTEPM performs quite well in terms of R t , T e and A. On the other hand, these results also indicate that traffic touching conflicts should be considered in the model formulation. However, the reallocation model helps to enhance the initial solution and to lower total evacuation time by more than 11%.
CONCLUSIONS
Traffic routing in evacuation scenarios is a challenging problem particularly due to complex traffic dynamics. This task exacerbates, if large urban areas are the objects of research. So far, most literature only covers the evacuation of pedestrians escaping from buildings, stadiums or ships. If evacuation of urban areas is the object of interest, either relatively small areas are evacuated, low detailed network flow optimization models are applied (e.g. [28] ) or simulation models (without optimization) were used.
In this paper, we develop a hybrid approach for evacuation planning on the basis of the CTEPM formulated by Kimms & Maassen [11] and integrate three new approaches, namely multiple cell sizes, consideration of lanes as well as traffic flow limitations. The problem of determining cell sizes for real-world networks also have been discussed in this paper.
It turns out that the ExCTEPM obtains a very good initial solution in the microscopic traffic simulation. However, considering traffic touching conflicts as well as applying the vehicle reallocation model help to enhance the initial solution. Long computation times, especially in the first three iterations also reveal that there definitely exist a need for fast heuristic procedures solving the ExCTEPM.
Future research may cover the application of meta-heuristics or further experiments concerning real world applicability.
The objective function (63) minimizes the total deviation between assigned vehicles before and after the postprocessing, whereas the deviation is calculated by constraints (64) and (65). A simple static vehicle flow equation is stated in (66) and equation (67) takes care that all vehicles will be evacuated. To ensure that no new routes will be used after the postprocessing, constraint (68) limits vehicle flows to those cell pairs where traffic occurs before the postprocessing. Here, Y is a large number, e.g. Y = i∈I E i . The domain of the decision variables is defined in (69) and (70).
We will demonstrate the functionality of this approach for a simple network consisting of six cells where cell 6 is the super sink, see Figure 13 . After the postprocessing, the number of vehicles traveling between cells are only integer values, see Figure 15 . The objective value for this instance is 1.2. 
